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Ultrafast control of the magnetization in ps timescales by fs laser pulses offers an attractive avenue for appli-
cations such as fast magnetic devices for logic and memory. However, ultrafast helicity-independent all-optical
switching (HI-AOS) of the magnetization has thus far only been observed in Gd-based, ferrimagnetic amor-
phous (a-) rare earth-transition metal (a-RE-TM) systems, and a comprehensive understanding of the reversal
mechanism remains elusive. Here, we report HI-AOS in ferrimagnetic a-Gd22−xTbxCo78 thin films, from x = 0
to x = 18, and elucidate the role of Gd in HI-AOS in a-RE-TM alloys and multilayers. Increasing Tb content re-
sults in increasing perpendicular magnetic anisotropy and coercivity, without modifying magnetization density,
and slower remagnetization rates and higher critical fluences for switching but still shows picosecond HI-AOS.
Simulations of the atomistic spin dynamics based on the two-temperature model reproduce these results qual-
itatively and predict that the lower damping on the RE sublattice arising from the small spin-orbit coupling of
Gd (with L = 0) is instrumental for the faster dynamics and lower critical fluences of the Gd-rich alloys. An-
nealing a-Gd10Tb12Co78 leads to slower dynamics which we argue is due to an increase in damping. These
simulations strongly indicate that acounting for element-specific damping is crucial in understanding HI-AOS
phenomena. The results suggest that engineering the element specific damping of materials can open up new
classes of materials that exhibit low-energy, ultrafast HI-AOS.
I. INTRODUCTION
The ability to control magnetism at short ps and sub-ps
timescales has tantalized scientists since the discovery in 1996
of the ultrafast demagnetization of Ni following irradiation by
fs laser pulses,[1] opening up the field of ultrafast magneti-
zation dynamics. A major breakthrough was the discovery
of helicity-independent all-optical switching (HI-AOS) of the
magnetization, sometimes referred to as thermally-induced
magnetization switching (TIMS), in ferrimagnetic a-Gd-Fe-
Co alloys[2–4] in ps timescales by a single fs laser pulse. This
magnetization switching phenomenon is unique in the field of
all-optical switching as it exhibits one of the fastest switching
speeds recorded[5], it is reversible and cyclable for 1000s of
repetitions, and it is thermally-driven by a single laser pulse
irrespective of polarization, i.e. no transfer of angular mo-
mentum from the laser is involved. HI-AOS offers the possi-
bility of promising technological applications in high-speed,
energy-efficient and non-volatile magnetic memory and logic,
with two to three orders of magnitude higher operating speeds
compared to conventional spintronic devices that operate on
mechanisms such as external field control,[6] spin-transfer-
torque,[7, 8] or spin-orbit torque.[9]
∗ These two authors contributed equally
Despite significant advances in the field, a complete under-
standing of the mechanism of HI-AOS still remains lacking.
Thus far, deterministic ultrafast toggle switching of the mag-
netization by a single laser pulse – where the switched area
is controlled just by local heating from the spatial distribution
of the laser pulse fluence – is predominantly found in Gd-
based a-RE-TM ferrimagnetic alloys and multilayers. These
include a-Gd-Fe-Co,[2–4] a-Gd-Co,[10] Pt/Co/Gd,[11] and
exchange coupled Co/Pt/Co/a-GdFeCo[12] systems. Similar
Tb-based ferrimagnetic systems such as a-Tb-Co alloys[13]
have so far only shown helicity-dependent AOS (HD-AOS),
requiring multiple circularly polarized laser pulses over longer
timescales (µs to ms), [14] or transient reversal with a single
laser pulse, [15] wherein the magnetization reverts back to
its original direction after a short reversal of a few ps. How-
ever, single-shot HI-AOS was demonstrated in Tb/Co multi-
layers when the layer thickness ratio of Co and Tb was within
1.3 - 1.5,[16] although the switching dynamics were not re-
ported. HI-AOS was also demonstrated in an a-Tb22Fe69Co9
alloy,[17] but required patterning of nanoscale antennas to en-
hance the optical field, thereby confining the switched region
to less than 100 nm in areas near and around the antennas. The
switching in that experiment was strongly influenced by inho-
mogeneities and control of the uniformity in the switched area
under the laser pulse fluence profile could not be achieved.
A complete microscopic theory has yet to explain the intrin-
sic fundamental physics of HI-AOS. In this work the role of
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FIG. 1. a) MOKE microscopy images of Ta(3nm)/Pt(3)/a-Gd22−xTbxCo78(10)/Pt(3) thin films following a series of single laser pulses at an
incident fluence of 6.9 mJ/cm2, illustrate samples’ ability to all-optically reverse their magnetization upon irradiation. Samples with a Tb
concentration of up to 18 at.% exhibited HI-AOS while a-Tb22Co78 only exhibited demagnetization as evidenced by the nucleation of random
domains. b) Incident and absorbed critical fluence increase with increasing Tb content. c) Intrinsic anisotropy constant Kui vs Tb atomic
percent in a-Gd22−xTbxCo78 thin films with various capping and underlayers as shown in the legend. Anisotropy increases with increasing Tb
content for fixed under and overlayers. Pt under or overlayers increased Kui for fixed x. The green box shows the compositions that exhibited
HI-AOS; the red box those that did not. The effect of growing on different substrates and capping layers was tested but it had no effect on
HI-AOS. Four a-Gd-Co samples with varying Gd/Co ratio are shown at x = 0. At the top, indicated with an orange star, is a-Gd19Co81 with
compensation T below RT exhibiting PMA and HI-AOS. Beneath it the black square a-Gd22Co78 which is part of the main study; it has Pt
under and over layers and exhibits PMA and HI-AOS. The black diamond is Gd-Co-O also with Pt over and underlayers, but grown in a
reactive oxygen atmosphere, with Kui value of 2.05 x 104 erg/cm3 and MS of 40 emu/cm3. It exhibited HI-AOS though its dynamics were not
studied. In red is a-Gd22Co78 with Ta under and over layers; it has in-plane magnetization which cannot be probed using polar MOKE, hence
it’s unknown if it exhibits HI-AOS.
Gd in enabling HI-AOS was investigated experimentally and
theoretically by studying a-Gd22−xTbxCo78 thin films. Vapor
deposited a-RE-TM films have long been known to possess
significant perpendicular magnetic anisotropy (PMA) leading
them to have been considered and sometimes used as mag-
netic recording media for decades. PMA is intrinsic to the
structure, a result of subtle structural ordering due to growth
processes[18, 19]. Tb has significant orbital angular momen-
tum compared to Gd (L = 3 compared to L = 0) and greater
spin-orbit coupling than Gd, leading to the large PMA and
larger magnetic damping[20, 21]. By systematically replacing
the Gd atoms with Tb atoms (such that the RE composition is
kept constant), and by post-growth annealing, the anisotropy,
magnetic damping and spin-orbit coupling (SOC) are modi-
fied, while the magnetization and the Curie and compensation
temperatures are held constant.
HI-AOS was found in a-Gd22−xTbxCo78 films up to x =
18, while a-Tb22Co78 only demagnetized upon laser irradi-
ation. The threshold or critical fluence of the pulse needed
for switching increased linearly with increasing Tb concen-
tration and the switching dynamics became slower, indicat-
ing increasing difficulties in the switching process with in-
creasing Tb. Annealing a-Gd10Tb12Co78 (a high x hence high
magnetic anisotropy film) at 300 ◦C for one hour reduced the
anisotropy by an order of magnitude (without changing the
magnetization), due to increased randomization of the local
uniaxial anisotropy fields that lead to PMA. This then in-
creases the damping and is here shown to yield slower re-
3magnetization dynamics but no change in critical fluence.
These slower dynamics with no change in critical fluence are
reproduced in simulations with increased damping. Simu-
lations of the atomistic spin dynamics using the VAMPIRE
software package[22, 23] combined with a two-temperature
model (2TM)[4] indicate that these results can be explained
by an increased damping on the RE site when Gd is replaced
by Tb. The results and simulations suggest that engineering
the relative element-specific damping of the RE and TM sub-
lattices can be used to find new materials that exhibit HI-
AOS. Increased anisotropy with Tb content, and decreased
anisotropy by annealing both led to slower switching dynam-
ics, indicating that anisotropy is not a significant factor in HI-
AOS. The high perpendicular magnetic anisotropy in Tb-rich
films make them attractive candidates for magnetic devices
with higher memory storage densities and retention times that
exploit the fast read-write speeds of HI-AOS.
II. RESULTS
A. Single-shot HI-AOS in a-GdTbCo alloys
Amorphous, ferrimagnetic thin-films of Ta(3)/Pt(3)/a-
Gd22−xTbxCo78(10)/Pt(3) (thicknesses are in nm) het-
erostructures were sputter deposited onto substrates of
Si(525µm)/SiO2(50nm)/SiNx(300 nm). The a-Gd-Tb-Co
films were co-deposited from separate Tb, Gd and Co tar-
gets with Pt or Ta over and underlayers grown in situ (Meth-
ods section at the end). Energy dispersive spectroscopy im-
ages taken with a scanning transmission electron microscope
found no evidence of inhomogeneities at the 10 nm scale
as had been reported in previous work on a-Gd-Fe-Co[24]
(See suppl. matls.). The magnetization was measured with a
Quantum Design MPMS SQUID magnetometer as a function
of field and temperature. Room temperature saturation Ms
(∼100 emu/cm3) and compensation temperature TM (∼400
K) were independent of x, due to the fixed 22 at.% RE con-
tent. The intrinsic perpendicular magnetic anisotropy constant
Kui increased with increasing x, from 4 × 105 ergs/cm3 for
a-Gd22Co78 to 2 × 106 ergs/cm3 for a-Tb22Co78. At room
temperature, the magnetization of all the films studied is RE-
dominant. The Curie temperature of all films was found to be
greater than 600 K.
The magnetization of the samples is initialized at room tem-
perature with an external out of plane magnetic field of ∼ 0.7
T, fully saturating all samples. The field is then turned off, and
the samples are irradiated with 100 fs full-width half maxi-
mum (FWHM) optical pulses from a regeneratively amplified
Ti-Sapphire laser. Magneto Optical Kerr Effect (MOKE) mi-
croscope images depict single shot switching of the magne-
tization of all films except a-Tb22Co78 as shown in Fig. 1a.
Films with as much as 18 at.% Tb (and hence as little as 4
at.% Gd) have deterministic magnetization reversal upon irra-
diation with a single laser pulse. Amorphous Tb22Co78 only
shows demagnetization, evidenced by the nucleation of ran-
dom magnetic domains. Further growth and characterization
details are available in supplemental materials.
Fig. 1b shows that increasing the Tb content increases
the incident critical fluence, starting from 4.4 mJ/cm2 for
a-Gd22Co78 and linearly increasing to 6.2 mJ/cm2 for a-
Gd4Tb18Co78. The absorbed critical fluence calculated from
ellipsometry measurements of the optical properties of the
films (see suppl. matls.) increases linearly from 1.8 mJ/cm2 to
2.5 mJ/cm2 for a-Gd22Co78 and a-Gd4Tb18Co78 respectively.
The intrinsic anisotropy constant (Kui) was measured at
room temperature and is plotted as a function of Tb at.% in
Fig. 1c. The anisotropy constant increases systematically with
increased Tb due to its large single ion anisotropy. The effect
of growing on Ta or SiN, and of capping with Ta or Pt are
also shown in Fig. 1c; these over and under layers, particu-
larly Pt, increase the magnetic anisotropy of these thin films,
nearly certainly due to interfacial anisotropy effects of these
high SOC elements. The HI-AOS was unaffected by these
buffer layers, clear evidence that Kui alone is not the relevant
driving parameter for HI-AOS. We also note that several films
of other RE/TM ratio were tested, with varying magnetization
values M, including TM-dominant (low RE/TM ratio). These
also exhibited HI-AOS, demonstrating that at least over a lim-
ited range of M, M is not a determining factor for the ability
to show HI-AOS.
For x = 0, i.e. a-Gd-Co, a number of different types of
films were prepared and measured, with different Gd/Co ra-
tios and different Kui, as shown in the legend and data of
Fig 1c. With Pt over and underlayer, a-Gd-Co has PMA and
shows HI-AOS. With Ta over and underlayer, a-Gd-Co has in
plane anisotropy and polar MOKE cannot measure HI-AOS.
A Gd-Co-O sample (black diamond in Fig. 1c) was grown
via oxygen reactive sputtering and exhibited both PMA and
HI-AOS, as well as a distinct blue hue compared to the metal-
lic gray of all other samples. The origin of PMA in a-Gd-Co
is still an open question[25], although this reactively-grown
sample suggests that oxidation plays a significant role, and we
have found that a-Gd-Co grown under very clean conditions
and without Pt over or underlayers are magnetized in-plane,
while slightly worse background pressure or deliberate O in-
troduction yields PMA. Rutherford backscattering spectrome-
try (RBS) measurements of a-Gd22Co78 of the main study do
not reveal an oxygen peak, but its presence is likely hidden
by the overlap of the Si signal from the substrate. Simula-
tions with SIMNRA[26] indicate that if oxygen is present in
a-Gd22Co78 it is at most 5 at.% O. Therefore it’s likely that the
PMA in a-Gd-Co studied here is a combination of slight get-
tering of residual oxygen in the chamber, plus an interfacial
contribution from heavy metal layers.
B. Time dynamics of HI-AOS of a-GdTbCo alloys
The temporal dynamics of the magnetization of the a-
Gd22−xTbxCo78 films as they undergo HI-AOS was measured
by time-resolved magneto optical Kerr effect (TR-MOKE)
(see suppl. matls.). An incident fluence of 6.9 mJ/cm2 was
chosen for all TR-MOKE experiments as it slightly exceeds
the incident critical fluence of a-Gd4Tb18Co78, the sample
with the highest critical fluence that was able to be switched.
4Note that the dynamics are not affected by the fluence as
shown in supplemental materials. Fig. 2a shows the ultra-
fast magnetization dynamics of all samples. The magnetiza-
tion reversal process follows a two-step behavior. In the first
step a rapid initial drop in the magnetization ocurs in which all
films share a similar demagnetization process within the first
picosecond post irradiation from the pump pulse. The second
stage consists of remagnetization in the opposite direction as
the system cools down, except for a-Tb22Co78. a-Gd22Co78
exhibits the fastest remagnetization time; with increasing Tb
concentration, the remagnetization systematically slows. The
remagnetization rate plateaus with 15% and 18% Tb sam-
ples exhibiting similar dynamics. Finally, a-Tb22Co78 only
demagnetizes upon irradiation and then recovers its magneti-
zation along its initial direction upon cooling. It is possible
that a-Tb22Co78 exhibits a transient switching in the first few
ps following irradiation, similar to the behavior reported by
Alebrand et al.,[15] and modeled by Moreno et al.,[27], sug-
gesting that switching could ocur at a higher fluence. How-
ever, utilizing higher fluences led to irreversible damage of
the sample as the laser ablated or burned the sample surface.
By 200 ps all samples had remagnetized to about 80% of the
saturation value as shown in supplemental materials.
Fig. 2b is a close up of the experimental data of Fig. 2a,
and shows, after the initial fast demagnetization step, behavior
that deviates from exponential decay functions that appears to
be more linear in character. The duration of this more linear
behavior increases with increasing Tb before resuming expo-
nential decay characteristics.
C. Simulation of HI-AOS in a-GdTbCo alloys
Atomistic spin dynamics simulations using the VAMPIRE
software package[22, 23] combined with a two-temperature
model (2TM)[4] (details discussed in suppl. matls.) were per-
formed to simulate the experimental magnetization dynamics.
These simulations incorporate the Hamiltonian of the system,
which includes the exchange and anisotropy energies of Gd,
Tb and Co, into the Landau-Lifshitz-Gilbert equation to com-
pute the dynamics. As shown in Fig. 2c the simulations are
in excellent agreement with the experiments, reproducing the
characteristic behavior of similar demagnetization dynamics
followed by increasingly slow remagnetization times with in-
creasing Tb content. The bump in the magnetization following
the initial demagnetization step is clearly seen in simulation,
and exhibits a more linear character with increasing Tb as seen
experimentally. The approximately factor of two discrepancy
in the time scales between experiment and simulation is due
to both the small size of the simulated system, which does not
allow for domain dynamics to be taken in consideration, and
also due to heat dissipation effects.
The simulations were only able to reproduce the experi-
mental data when the element specific damping of the Gd,
Tb and Co sites were assigned separately, rather than when
using a net damping of the system as is typically done when
simulating such RE-TM systems [27–29] (see suppl. matls.
for comparison). This is consistent with previous experimen-
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FIG. 2. a) Time-resolved magnetization dynamics of a-
Gd22−xTbxCo78 thin films following irradiation with laser pulses of
6.9 mJ/cm2 fluence and 100 fs pulewidth. The initial rapid drop in
magnetization is similar across all samples, but upon entering the re-
magnetization regime different rates are observed. b) Close up of
the experimental data showing a bump in the magnetization (at ∼1
ps) following the initial demagnetization step. c) Simulation results
of the magnetization dynamics of Gd22−xTbxCo78 after laser irradi-
ation obtained with a two-temperature model neglecting spin-lattice
coupling as described in the text. In this simulation, the damping co-
efficients for Tb and Co were 0.05[27] and the damping of Gd αGd
was fixed at 0.035.
5FIG. 3. Simulated critical fluence of a-Gd22−xTbxCo78 films as a
function of Tb at.% x for different damping values of Gd, αGd . The
Tb and Co damping parameters are constant (0.05). The critical flu-
ence increases as αGd increases, indicating that lowering αGd re-
duces the threshold switching condition of a-Gd-Tb-Co alloys below
the laser ablation limit.
tal and theoretical work on the role of damping in systems
doped with RE[21, 30]. The experimental work of Radu et al.
[21] on permalloy doped with RE showed increased damping
for doping with Tb but no significant increase when doping
with Gd. Ellis et al. [30] showed that element-specific damp-
ing is required to reproduce the macroscopic damping in such
systems. In this work we varied the Gd/Tb ratio, as in the
experiments, and fixed the element-specific damping value at
0.05 of the Tb and Co sites as in ref. [27]. The damping of Gd
was taken to be lower than Tb and was varied between 0.005
and 0.05 in order to study its effect on the dynamics. In Fig.
2c, it is set at 0.035.
Fig. 3 shows the simulation results of critical fluence as a
function of Tb concentration and varying Gd damping. The
critical fluence for switching in the simulation is determined
by the transition from non-deterministic to deterministic ther-
mally induced switching. It shows that increasing the Tb con-
tent increases the critical fluence as observed experimentally,
for all values of Gd damping. It also shows, that for a given
concentration, increasing the damping on the Gd site increases
the critical fluence.
D. Effect of annealing on switching dynamics
Annealing was used to test the influence of anisotropy and
damping on the dynamics; the results are shown in Fig. 4.
Annealing a-Gd10Tb12Co78 at 300 ◦C for one hour results in a
significant reduction in coercivity Hc and anisotropy Kui (from
4.6 × 105 erg/cm3 to 2.5 × 105 erg/cm3) while maintaining
the composition and MS constant as seen in Fig 4b. Further
annealing at 350 ◦C eliminated the PMA. The fact that MS
was unchanged by annealing strongly indicates that inhomo-
geneities such as phase segregation or crystallization have not
ocurred. The annealed sample shows a significantly slower re-
magnetization time, as seen in Fig. 4b. Atomistic simulations
of the magnetization dynamics of this sample as a function
of Gd damping are shown in Fig. 4c, which shows that in-
creased damping increases the remagnetization time. It can
be seen that increasing the damping on the Gd sites explains
the slower remagnetization time, suggesting that the exper-
imentally annealed sample has increased damping, in addi-
tion to reduced anisotropy. Work from Malinowski[31] et al.
showed that introducing local variations of the anisotropy in
amorphous CoFeB leads to an increase in the damping pa-
rameter. Since the origin of anisotropy in RE-TM alloys is
due to a combination of pair-ordering and Tb’s single ion
anisotropy[18, 19], annealing of a-RE-TM alloys leads to
a structural relaxation of pair-ordering that introduces local
anisotropy variations. This in turn leads to higher damping
and the slower remagnetization time observed. Fig. 2 showed
that the samples with higher anisotropy (larger Tb at.%) show
slower switching dynamics in both experiments and simula-
tion. But the annealing study in Fig. 4 shows that the film
with lower anisotropy exhibits slower switching. These ob-
servations lead us to conclude that it is the damping of the
system, and not the anisotropy, that is the significant contrib-
utor to the ability to exhibit HI-AOS, consistent with the ob-
servation made in connection with Fig. 1 that HI-AOS was
not determined by the magnitude of Kui. Simulations shown
in Fig. 4c with varying damping support this conclusion.
III. DISCUSSION
The experimental results show increasing critical fluence
and remagnetization times with increasing Tb content, while
post-growth annealing slowed the remagnetization rates. The
simulations strongly indicate that the relative element specific
damping of the rare earth site compared to the cobalt site
is the key factor that influences the critical fluence required
switching and the speed of remagnetization. As verified in
the model for the annealed sample, at a fixed composition the
key parameter that leads to slower remagnetization is the in-
creased elemental damping. In simulation the damping con-
stant is a phenomenological parameter that combines a host
of diverse effects. Increasing the Tb composition leads to a
greater spin-orbit interaction in the system, which is consid-
ered the intrinsic source of damping[32] and is proportional
to ξ 2/W , where ξ is the spin orbital coupling energy and W
is the d-band width[33]. Thus as the system becomes Tb-rich
it experiences increased spin-orbit coupling which increases
damping and thus leads to the dynamics observed in Fig. 2.
For the dynamics observed in the annealed sample, the local
spin-orbit coupling is very unlikely to have changed, but the
anisotropy changed due to the structural relaxation and conse-
quent randomization of local anisotropy axes induced by an-
nealing, thereby increasing the macroscopic damping. The
simulation does not directly acount for spin-orbit coupling,
but it indirectly simulates the effects of stronger spin-orbit
coupling via increases in the damping parameter. As men-
tioned before the deterministic switching is independent of the
anisotropy and therefore the main contribution of spin-orbit
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FIG. 4. a) Magnetization dynamics of a-Gd10Tb12Co78 in the as-
grown state (blue curve) and after annealing (red curve) at 300 ◦C for
1 hour. Annealing leads to a slower remagnetization time. b) Magne-
tization loops in the out-of-plane orientation show that annealing re-
duces the coercivity and anisotropy while MS is unchanged. c) Sim-
ulated time-resolved magnetization dynamics of a-Gd10Tb12Co78 as
a function of increasing Gd damping. Increasing the damping leads
to a slower remagnetization time, indicating that annealing leads to a
higher damping value.
coupling for all optical switching is the damping. Therefore
although the simulations reveal the critical role of damping
in modifying the ultrafast magnetization dynamics, it is likely
that the underlying physical mechanism is rooted in the spin-
orbit interaction.
IV. CONCLUSION
In conclusion, we have shown that a-Gd22−xTbxCo78 thin
films exhibit HI-AOS from x = 0 to x = 18, displaying a two-
step reversal process with an identical fast demagnetization
step and second slower remagnetization. The remagnetiza-
tion time and the critical fluence increase as the Tb content
increases, indicating that replacing Gd with Tb atoms hin-
ders the switching process speed, but Tb helps increase PMA
which is required for competitive memory storage technolo-
gies. Atomistic simulations explain the switching dynamics of
our material system only after taking into acount the individ-
ual element specific damping of each RE and TM sites. The
slower remagnetization dynamics and the increased critical
fluence as the Tb atomic percentage increases are explained
on the basis of increased damping on the RE site upon ad-
dition of Tb. Annealing of an a-Gd10Tb12Co78 film, which
reduces Kui and Hc without changing M, led to a slowing of
the remagnetization rate without changing the critical fluence;
these results are captured in simulations which indicate that
reduced damping is responsible for modifying the ultrafast
magnetization dynamics. The experimental inability to ob-
serve HI-AOS in a-TbCo is due to the high critical fluence
that under the present conditions is inacessible without ablat-
ing the film. This suggests that better management of the laser
thermal load may lead to HI-AOS beyond Gd-TM alloys. Our
results indicate that the engineering of element specific damp-
ing of RE-TM systems will be crucial in endeavors to uncover
material systems exhibiting HI-AOS with favorable properties
(such as high anisotropy and large magnetization) for applica-
tions in ultrafast spintronic devices.
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